The mechanism of Al ohmic contacts to n-type zinc oxide (ZnO:Al) epitaxial layer was investigated. The formation of an AlZnO interfacial phase at room temperature was responsible for the low specific resistivity (8 AE 0:3 Â 10 À4 cm 2 ). The results of Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) depth profiles, and glancing angle X-ray diffraction (GXRD) indicate that an interfacial reaction between Al and ZnO results in an increased doping concentration in the region of the ZnO surface resulting in a low specific contact resistivity without the need for a thermal annealing process.
Introduction
Recent developments in ZnO-based oxide semiconductor growth and processing has led to the expectation of optoelectronic devices, such as light emitting diodes (LEDs), laser diodes (LDs), and UV photodetector. [1] [2] [3] [4] ZnO represents an alternate candidate for use in optoelectronic applications in the short wavelength range (green, blue, UV). In fact, the high exciton binding energy of ZnO (60 meV), compared with that for GaN (28 meV) and ZnSe (19 meV), would allow for excitonic transitions even at room temperature, which could lead to a higher radiative recombination efficiency for spontaneous emission as well as a lower threshold voltage for laser emission. 5 ) Although significant progress has been made in the area of ZnObased oxide semiconductors, a number of problems remain, including difficulties associated with p-ZnO growth and the lack of high quality ohmic or schottky contacts for n, p-ZnO. To commercially produce ZnO-based optoelectronic and electronic devices, high quality ohmic and schottky contacts are necessary. Extensive work on ohmic contacts for ZnO has been reported, however, to our knowledge most of this is in initial stages. Akane et al., in an investigation of In Ohmic contacts to undoped ZnO, demonstrated that a postannealing treatment for 1 min at 300 C resulted in an ohmic contact with a specific contact resistivity of 7 Â 10 À1 cm 2 . 6) Kudo et al., fabricated transparent n-ZnO/p-SrCu 2 O 2 junction diodes, employing n þ -ZnO and ITO as n-type and p-type electrodes, respectively.
2) In our previous work, we reported on Ti/Au and Ru Ohmic contact scheme with a specific contact resistivity of 10 À3 -10 À5 cm 2 . 7-9) However, to produce such contacts, a fairly high annealing temperatures is required, in order to achieve a low specific contact resistivity. Recently, Al ohmic scheme was reported for a metal-semiconductor-metal (MSM) device structure and a p-n homojuncition diode. 4, 10) However, this study did not examine the precise mechanism responsible for the Al-based ohmic contact in detail. Thus, to apply an Al ohmic contact scheme to ZnO based optoelectronic and electronic devices, it is necessary to understand the precise mechanism involved in its formation.
In this study, we report on a low resistance nonalloyed ohmic contact on a n-ZnO epitaxial layer using an Al ohmic scheme. Using glancing angle X-ray diffraction (GXRD), Auger electron spectroscopy (AES), and X-ray photoelectron spectroscopy (XPS) depth profiles analysis, a better understanding of the mechanism involved in a nonalloyed Al ohmic contact has been developed.
Experiments
A 1 mm thick zinc oxide (ZnO:Al) epitaxial layer was grown on a (0001) sapphire substrate by means of a high temperature epitaxy rf-sputtering system (HTE-rf sputtering system: Korea vacuum-KVS-25060) at 800 C using a 2-inch target containing 1 wt% Al 2 O 3 powder (Pure Tech).
11) Al dopant activation was then carried out via the use of a rapidthermal-annealing system at 900 C for 3 min. The carrier concentration and mobility of the annealed layers were measured at room temperature by Hall effect measurements with Van der Pauw geometry. The measurements showed that the carrier concentration and Hall mobility are 2ðAE0:5Þ Â 10 18 cm À3 and of the order of 60ðAE5Þ cm 2 /VÁs, respectively. Prior to lithography, the samples were ultrasonically degreased by treatment with trichloroethylene, acetone, and methanol for 1 min in each step, and then rinsed with deionized water (DI). The native contamination layer was removed by a buffered oxide etchant (BOE) solution and then blown dry with nitrogen gas. Subsequently, Al (60 nm) metal layer (>99:99%) was deposited on the n-ZnO by electron beam evaporation. The circular pad was patterned using a the standard photolithography technique for measurement of specific contact resistivity using a circular-transmission line model (CTLM).
12) The use of the CTLM structure is advantageous because no etching of ZnO is required for feature isolation. The inner dot radius was 105 mm, and the spacing between the inner and the outer radii were 3, 4, 6, 12, 13, 16, and 21 mm. The actual gap spacing was measured by scanning electron microscopy and used in the CTLM analysis. The total resistance (R T ) was measured for various spacings and plotted as function of lnðR 1 =R 1 À dÞ.
13) The least squares curve fitting method was used to obtain a straight line plot of R T vs lnðR 1 =R 1 À dÞ. Thus, the specific contact resistance can be calculated by
where R s is the sheet resistance of the materials and L T the transfer length. Current-Voltage (I-V) data were obtained using a parameter analyzer (HP 4155A). To characterize the extent of indiffusion between Al and n-ZnO, AES (PHI 670 model) with an electron beam of 10 keV and 0.0236 mA and XPS (PHI5700 ESCA system) with an Al K line (1486.6 eV) depth profiles were performed. The interfacial reaction products were identified by glancing angle X-ray diffraction (GXRD), carried out with a Rigaku diffractometer (D/MAX-RC).
Results and discussion
Figure 1(a) shows the I-V characteristic of a nonalloyed Al contact on the n-ZnO layer. The nonalloyed Al contact exhibits linear I-V behavior, indicating good ohmic contact over the entire range of voltage from À4 to +4 V. Compared to previously reported Al-based ohmic contact results, 4, 10) the Al contact on the ZnO layer shows significantly improved I-V characteristics. This improvement in the Al contact on ZnO layer can be attributed to the high doping concentration of ZnO and the different surface treatment method used. Details of the effect of surface treatment on ohmic contact characteristics will be published elsewhere. 14) To obtain specific contact resistivity, the total resistance data were plotted as linear function of vs lnðR 1 =R 1 À dÞ as shown in Fig. 1(b) . From the linear fitted data, the specific contact resistivity was calculated to be about 8ðAE0:32Þ Â 10 À4 cm 2 . Compared to previously reported as-deposited
and as-deposited Ru (2:1 Â 10 À3 cm 2 ) ohmic contact schemes, [7] [8] [9] the Al ohmic contact shows a lower specific contact resistivity at the non-annealed conditions. Postdeposition annealing can cause some amounts of semiconductor material to be consumed due to interfacial reactions. Extended reaction can be detrimental to device performance if the active regions of the device are located near the contact. Thus, from the viewpoint of a manufacturing process, the formation of nonalloyed contacts is of technological importance. Figure 2 shows the AES depth profile and spectra survey results of the nonalloyed Al contact on n-ZnO. Some oxygen atoms outdiffuse to the Al metal layer and the indiffusion of the Al atoms occurs at room temperature. It is noteworthy that the dissociation of the ZnO at the surface region is possible without the need for an annealing process, due to extensive reaction between Al and O in the ZnO layer. Similar results were reported in our previous study of Ti/Au ohmic contacts on ZnO at room temperature. 7) In order to compare the presence of Al atoms in the region of the ZnO surface, Auger spectra survey at the surface region of ZnO was carried out after 0.5, 9.25 and 16.5 min of sputtering as shown in Fig. 2(b) . After 0.5 min of sputtering (at the surface region of the Al metal) the spectra shows strong Al and O peaks, indicating that the surface of the Al is easily contaminated by oxygen due to the high formation enthalpy of Al 2 O 3 (ÁH 298 ¼ À1676 kJ/mol). Therefore, it is necessary to deposit a cover layer using a novel metal on Al to In order to characterize the interfacial reaction products formed between the Al and ZnO layers, GXRD analysis was performed, as shown in Fig. 3 ). In addition, a broad ZnAl 2 O 4 (311) (2 ¼ 36:40 ) peak is present, which is indicative of the formation of a new interfacial phase, 14) as expected from the AES result [ Fig.  2(a) ].
To investigate interfacial reactions between Al and ZnO in detail, XPS depth profile was performed. Before commencing the analysis, the Al metal layer was rapidly sputtered using Ar þ ions to expose the interfacial region between the Al and ZnO. The XPS depth profile shown in Fig. 4(a) is similar to that of the AES depth profiles in Fig.  2(a) . Some oxygen atoms had outdiffused from the ZnO with a simultaneous indiffusion of Al atoms. Both O 1s and Al 2p core level spectra as a function of sputtering time are shown in Fig. 4(b) . A shift in the O1s peak position from Al-O to Zn-O bonding can be observed with increasing sputter time, which is indicative of the outdiffusion of O and the formation of an interfacial layer. In addition, the Al 2p peak shows an asymmetrical feature at the interface region, due to interfacial reactions between Al and ZnO. In order to determine the peak positions more accurately, a detailed scan at a 12 min sputter time was performed for O 1s and Al 2p. Based on the I-V characteristics, AES, GXRD, and XPS depth profiles obtained in this work, the ohmic contact mechanism for the nonalloyed Al metallization scheme can be explained as follows. The AES and XPS results show that oxygen is outdiffused into the Al metal layer and results in the formation of Al-O bonds in the interface region. This is consistent with the fact that the enthalpies of formation for Al 2 O 3 (ÁG 298 ¼ À1492 kJ/mol) are much smaller than that for ZnO (ÁG 298 ¼ À324 kJ/mol). 17, 18) The outdiffusion of oxygen atoms is indicative of the accumulation of oxygen vacancies in the region near the ZnO surface. 19, 20) In addition, the indiffusion of Al into the ZnO surface region results in the formation of a conductive layer (Al-ZnO) 21 ) or a very highly doped layer, because Al atoms can act as donors in ZnO. 22) Thus, the surface region of the n-ZnO would contain a very high concentration of carriers due to the predominance of these oxygen vacancies and the accumulation of Al donor atoms. This highly doped n þ -ZnO surface could result in a tunneling process between the metal and the n þ -ZnO layer. When the field emission process dominates current transport at room temperature, the specific contact resistivity c is given as 23 )
where " s is the semiconductor permittivity, m Ã the effective mass, h Plank's constant, and B the schottky barrier height (SBH). The above equation shows that in the field emission process, the specific contact resistivity is strongly dependent on the doping concentration. Thus, an increase in carrier concentration near the surface of the ZnO layer is responsible for the very linear I-V characteristics, thus eliminating the need for an annealing process. Furthermore, interfacial reactions between Al and O produce dissociated Zn, lead to a low n-type barrier height. 24, 25) Therefore, the low resistance of the nonalloyed Al ohmic scheme at room temperature can attributed to the combined effects of the increased carrier concentration by the outdiffusion of oxygen and the indiffusion of Al atoms.
Conclusions
In summary, low resistance nonalloyed Al Ohmic contacts were investigated from the standpoint of I-V characteristics, AES, GXRD, and XPS depth profiles. Compared to Au, Ti/ Au, Ru contact schemes, the Al Ohmic contact shows a very low specific contact resistivity at room temperature. Both AES and XPS depth profiles show that a large amount of O atoms outdiffuse from the ZnO and oxygen vacancies accumulate, which likely act as a donor in the ZnO. Therefore, the low specific contact resistivity at room temperature can be attributed to the interdiffusion of O and Al at the interface between the Al metal and ZnO.
